Objective-To determine the prevalence of and risk factors for postprandial hypoglycemic symptoms among bariatric surgery patients.
Introduction
Bariatric surgery is an effective treatment for obesity, which is associated with a significant reduction in mortality and obesity-related comorbidities such as diabetes and hypertension. 1, 2 While the favorable outcomes and safety profile of bariatric surgery has led to its rising utilization in the United States and worldwide, the metabolic and nutritional complications of bariatric surgery are also becoming increasingly recognized. 3 Hypoglycemia after bariatric surgery is a metabolic complication associated with inappropriate secretion of insulin and gut hormones, which is particularly associated with Roux-en-Y gastric bypass surgery (RYGB). [4] [5] [6] Also known as late dumping syndrome, post-bariatric surgery hypoglycemia differs from the early dumping syndrome in its delayed onset of 1-2 hours after a meal without vasomotor symptoms. 7 Unlike hypoglycemia related to insulinoma or sulfonylurea occurring both at fasting and fed state, post-bariatric surgery hypoglycemia occurs almost exclusively postprandially starting 6 months or greater following surgery. 8 Severe post-bariatric surgery hypoglycemia is rare but potentially devastating with reports of associated seizure, syncope and motor vehicle accidents. 4, 5 The mechanism behind post-bariatric surgery hypoglycemia is poorly understood; Several proposed etiologies include 1) presurgical hypertrophy of the β cells leading to their hyperfunction, 2) inappropriate hypersecretion of incretin hormones such as glucagon-like peptide (GLP)-1, 3) abnormality in counterregulatory hormones such as glucagon and 4) rapid improvement in insulin sensitivity after weight loss. [9] [10] [11] While most cases can be managed with a low-carbohydrate diet, some cases require medical therapies such as acarbose and diozoxide and extreme cases can require surgical therapies such as partial or total pancreatectomy, reduction of gastric pouch size and reversal of gastric bypass. 5, [12] [13] [14] Currently, there are limited and contrasting reports regarding the prevalence of post-bariatric surgery hypoglycemia. Severe hypoglycemia after bariatric surgery appears rare, with less than 1% prevalence based on hospitalization records or clinic visits for hypoglycemia leading to neuroglycopenic symptoms such as confusion, syncope and seizure. 12, 15 Another study based on the Bariatric Outcomes Longitudinal Database (BOLD) similarly reported less than 0.1% incidence of severe hypoglycemia based on self-report following gastric bypass and even lower incidence after sleeve gastrectomy and gastric banding. 16 In contrast, mild to moderate hypoglycemia appears to be much more common. Up to one third of subjects with a history of RYGB and no history of hypoglycemia developed asymptomatic hypoglycemia during mixed meal challenge or continuous glucose monitoring. 17, 18 The discrepancy in the prevalence of post-bariatric surgery hypoglycemia in the literature highlights the need for its further evaluation, including risk factors associated with its development.
In order to determine the prevalence of hypoglycemic symptoms and associated risk factors among bariatric surgery patients, we conducted a questionnaire in patients who underwent Roux-en-Y gastric bypass surgery or vertical sleeve gastrectomy at our bariatric surgery center.
Methods

Subject/ Study Design
Between August 2013 to April 2014 we conducted a mailed survey of 1174 patients who had undergone either RYGB or VSG at the Johns Hopkins Center for Bariatric Surgery between August 2008 and August 2012. The Institutional Review Board of the Johns Hopkins Hospital exempted the study from further review. Consent was assumed by the completion of the questionnaire.
Data Collection
In August 2013, we mailed questionnaires to 1174 subjects with a $2 bill enclosed as incentive. We asked each subject to complete the questionnaire either on paper or online. A total of 55 patients did not have valid addresses and were excluded from the study. Through April 2014, multiple attempts were made to follow up with each subject using 2 additional questionnaire mailings and 2 reminder postcards.
Questionnaire Design
The questionnaire was adapted from Edinburgh hypoglycemia questionnaire, which identified and validated 11 key symptoms underlying hypoglycemia (Supplementary Figure  1) . 19 These symptoms include sweating, palpitation, shaking, hunger, confusion, drowsiness, odd behavior, speech difficulty, incoordination, nausea and headache. We asked the respondent "have you felt any of the [above-mentioned] symptoms within 5 hours after eating?" If the respondent answered yes to any of the symptoms, he or she was asked additional questions regarding the onset of symptom(s) in relation to the meal, frequency, previous experience with and awareness of hypoglycemia, prior diagnosis of hypoglycemia and any severe episode of hypoglycemia requiring assistance from others. Respondents were asked whether the symptoms of hypoglycemia were new since the bariatric surgery. We also collected data on bariatric surgery history, current dietary history, presurgical weight, current weight and height of the respondent. Respondents with diabetes were asked to provide further information including the duration of diabetes, current medication and current hemoglobin A1c.
Each respondent who completed the questionnaire was categorized into either a low or high suspicion group for symptoms of post-bariatric hypoglycemia. The group with low suspicion of hypoglycemia symptoms was defined as those with 0-2 postprandial symptoms of hypoglycemia following bariatric surgery, whereas the group with high suspicion of hypoglycemia symptoms was defined as those with 3 or more symptoms of postprandial hypoglycemia following bariatric surgery or a history of requiring assistance, seizure or medical diagnosis of hypoglycemia. We performed two sensitivity analyses based on: i) defining the high suspicion group as those with a history of severe hypoglycemia requiring assistance and or medically confirmed hypoglycemia or ii) those with a history of severe hypoglycemia as above and/or neuroglycopenic symptoms (confusion, drowsiness, odd behavior, speech difficulty or incoordination/clumsiness) after surgery.
Our primary outcome was the percentage of patients who reported high suspicion of symptoms of hypoglycemia following RYGB or VSG.
Statistical analysis
Chi squared or ANOVA tests were used to compare clinical characteristics such as presurgery BMI, amount of weight loss following the surgery, diabetes status/duration/severity, prior history of hypoglycemia, dietary pattern and dietary compliance of those in the high versus low suspicion group. To determine factors that were independently associated with post-bariatric surgery hypoglycemic symptoms, we used multivariable logistic regression. The variables with statistically significant difference between the high and low suspicion group were included in the final logistic regression model. All analyses were performed using Stata version 12 (College Station, Tx).
Results
Among 1119 patients with a valid address who were mailed the questionnaire, a total of 450 (40.2%) respondents completed the questionnaire. Demographics and clinical characteristics of the questionnaire respondents are presented in Table 1 . The sample was predominantly middle-aged Caucasian women (71.6%) with no prior history of diabetes (64%) who underwent RYGB (78.9%). Respondents (n=450) were somewhat older and more likely to live outside of Baltimore city than non-respondents (n=724) (Supplemental Table 1 ). Regarding the frequency of each of the 11 key symptoms of hypoglycemia included in the questionnaire, neuroglycopenic symptoms such as confusion, odd behavior and speech difficulty occurred less often compared to autonomic or malaise-related symptoms (Table  2) .
Among the respondents, a total of 34% (154/450) reported symptoms that were highly suspicious for post-bariatric surgery hypoglycemia. Compared to the low suspicion group, the high suspicion group included significantly more females (89.0% versus 74.3%), RYGB surgeries (89.0% versus 73.7%), reported a longer time since surgery (3.6 versus 3.2 years), more excess weight loss (86.5% versus 77.1%), and more moderate to severe preoperative symptoms of hypoglycemia (31.1% versus 16.6%) ( Table 3 ).
The unadjusted results showed female gender (OR=2.8; 95% CI:1.6,4.9), RYGB (OR=2.9, 95% CI:1.6, 5.1), excess weight loss (OR=1.4, 95% CI:1.2, 1.7), a longer time since surgery (OR=1.4, 95% CI:1.1, 1.6), and presence of preoperative symptoms of hypoglycemia (OR=1.3, 95% CI:1.1, 1.6) were each associated with high suspicion for symptoms of postbariatric hypoglycemia. After multivariable adjustment, our results showed that female gender, RYGB, a longer time since surgery, presence of preoperative symptoms of hypoglycemia and lack of history of diabetes were factors independently associated with high suspicion for symptoms of post-bariatric hypoglycemia ( Figure 1A ).
When we defined the high suspicion group as those with a history of severe hypoglycemia requiring assistance (N=35) and/or medically confirmed hypoglycemia (N=32) only, those with pre-operative symptoms of hypoglycemia were still more likely to have post-operative, post-prandial hypoglycemic symptoms (OR, 1.8, 95%CI: 1.3, 2.4) ( Figure 1B) . While RYGB appeared to confer some increased risk (OR 2.5, 95% CI: 0.9, 6.9), women were no more likely than men to report these symptoms (OR 1.0, 95%CI: 0.5, 2.1). Similar results were seen when the definition of high suspicion was changed to those with a history of severe hypoglycemia and/or neuroglycopenic symptoms (confusion, drowsiness, odd behavior, speech difficulty or incoordination/clumsiness), (N=52) of hypoglycemia after surgery (pre-operative symptoms of hypoglycemia (OR 1.7, 95%CI, 1.3, 2.1), RYGB (OR 2.5, 95% CI 1.3, 4.5)).
Discussion
Post-bariatric surgery hypoglycemia is a complication after bariatric surgery whose prevalence and associated risk factors are incompletely understood. We found that postbariatric surgery hypoglycemic symptoms affect up to 34% of patients who underwent bariatric surgery and responded to our questionnaire. Our finding is similar to a recent study of 15 RYGB patients, which found asymptomatic hypoglycemia in over a third of these patients using a continuous glucose monitor. 18 A similar study of 6 RYGB patients without any history of hypoglycemia showed that 50% had asymptomatic hypoglycemia on continuous glucose monitor and 60% on mixed meal tolerance test. 17 On the other hand, our finding contrasts with that of studies focused on severe hypoglycemia, which reported less than 1% prevalence of postgastric bypass hypoglycemia based on hospitalization records, clinic visits or large bariatric surgery database for hypoglycemia. 12, 15, 16 When we restricted our definition to those who reported more severe symptoms of post-prandial hypoglycemia, including those requiring assistance from others, or those with syncope, seizure or medically confirmed hypoglycemia (N=52), we found a prevalence of 11.6%, and that preoperative symptoms of hypoglycemia was the only significant correlate of postbariatric surgery hypoglycemic symptoms.
The fact that post-bariatric surgery hypoglycemia is often hard to recognize and not systemically monitored among post-bariatric surgery patients suggests that the results of these large database studies based on hospitalization, clinic visit or self-report of hypoglycemia may be an underestimate of the true prevalence. To add to the challenge, post-bariatric surgery hypoglycemia can occur without any symptoms, as demonstrated in studies using the continuous glucose monitor. 17, 18 While severe hypoglycemia, which can lead to dangerous clinical consequences such as seizure, syncope and motor vehicle accidents, the clinical relevance of mild or asymptomatic hypoglycemia is less clear. 4, 5 However, a recent study showed an increased risk of cardiac arrhythmia during hypoglycemia among insulin-treated patients with type 2 diabetes and another study demonstrated increased healthcare utilization and work-time loss associated with mild to moderate hypoglycemia. 20, 21 As we begin to learn the harmful effects of asymptomatic hypoglycemia in addition to well-known harms of more severe hypoglycemia, more systemic screening for hypoglycemia in post-bariatric surgery patients may help clarify its true prevalence.
To our knowledge, this is the first study demonstrating a strong correlation between preoperative symptoms of hypoglycemia and post-bariatric surgery hypoglycemia as shown in our main analysis and confirmed in both of our sensitivity analyses. Interestingly, this association was independent from a history of pre-existing diabetes. Contrary to our expectation, pre-existing diabetes did not confer an elevated risk of post-bariatric surgery hypoglycemia. In fact, our data showed an elevated risk of post-bariatric surgery hypoglycemia among those without diabetes. This finding may suggest a role for screening the patients for symptoms of hypoglycemia prior to bariatric surgery regardless of their diabetes status in order to identify those at an elevated risk of developing post-bariatric surgery hypoglycemia. The presence of preoperative hypoglycemic symptoms may suggest enhanced insulin sensitivity in affected individuals that may later predispose them to the risk of developing further exaggerated insulin response and subsequent hypoglycemia following bariatric surgery.
We found additional clinical factors such as RYGB, female gender and number of years since surgery to be independently associated with symptoms of post-bariatric surgery hypoglycemia. RYGB is strongly correlated with post-bariatric surgery hypoglycemic symptoms in our study in conjunction with the findings of prior studies. 12, 15, 16, 22 . The risk of hypoglycemia after VSG is less well established and may be related to the fact that the procedure is new with less longitudinal outcome data. However, short-term data on VSG suggests up to 33% of patients have hypoglycemia upon oral glucose tolerance test postoperatively. 23 Both RYGB and VSG were shown to increase glucose-mediated GLP-1 secretion and to expedite gastric emptying time after surgery, which are thought to play key roles in increasing the risk of post-bariatric surgery hypoglycemia. 24, 25 . Time since surgery is another correlate of post-bariatric surgery hypoglycemia, confirming the late onset pattern of this phenomenon and the importance of its continued monitor after bariatric surgery.
The strengths of this study are large sample size, inclusion of both RYGB and VSG patients, and use of validated hypoglycemia questionnaire and clinical history of severe hypoglycemia. However, the 40.2% response rate to our questionnaire raises the likelihood of response bias, with more respondents perhaps having more symptoms of hypoglycemia to report. Even with the assumption that none of the non-respondents have symptoms of hypoglycemia, the proportion of patients with high suspicion for symptoms of post-bariatric surgery hypoglycemia would remain significant at 13.7% (154/1119). The respondents tended to be older and live outside Baltimore city, suggesting some socio-economic differences between the respondents and non-respondents (Supplementary Table 1 ). Due to the retrospective questionnaire design, we required questionnaire respondents to recall various symptoms years after the surgery, including before surgery. This increases the chances of not recognizing or remembering symptoms of hypoglycemia, especially among non-diabetic patients, which may underestimate the prevalence of post-bariatric surgery hypoglycemic symptoms. In addition, we do not have blood glucose data or medical records to confirm the reports of hypoglycemic symptoms, which raises the possibility of overestimating the true prevalence of post-bariatric surgery hypoglycemia, primarily based on symptomatology. The challenge of distinguishing between early and late dumping syndrome may also contribute to overestimating the prevalence of post-bariatric surgery hypoglycemia. However, we used a validated questionnaire, as well as reports of well-validated consequences or proof of hypoglycemia, and performed several sensitivity analyses, which strengthen our results. Finally, the study population was mostly female, middle-aged and Caucasian. While this is similar to many patients undergoing bariatric surgery in the US, our findings may not apply to men or non-Caucasian races.
In conclusion, post-bariatric surgery postprandial hypoglycemic symptoms appear to be common, affecting up to one third of patients who undergo bariatric surgery at our academic institution. The presence of preoperative symptoms of hypoglycemia appears to be the strongest indicator of elevated risk of post-bariatric surgery hypoglycemia regardless of preoperative diabetes status. While our study does not provide adequate evidence to counsel patients with preoperative symptoms of hypoglycemia against undergoing bariatric surgery, it does support the role for screening patients for symptoms of hypoglycemia prior to bariatric surgery in order to identify those at an elevated risk of developing post-bariatric surgery hypoglycemia. In turn, we may be better able to educate these individuals on recognizing hypoglycemic symptoms after surgery and if confirmed to have post-bariatric hypoglycemia, recommend interventions such as low-carbohydrate diet, which is an effective treatment in most cases. 12 Prospective studies that routinely measure blood sugar or collect symptoms real-time are warranted to better understand both the predictors and the clinical impact of post-bariatric surgery hypoglycemia.
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